A Gram-stain-negative, strictly aerobic, non-motile, rod-shaped, manganese-oxidizing bacterial strain, designated T , was isolated from the surface sediment of the Pacific ClarionClipperton Fracture Zone. Phylogenetic analysis, based on 16S rRNA gene sequences, indicated that strain DY6-4 T formed a lineage within the family Rhodobacteraceae and was distinct from the most closely related genera Sulfitobacter, .9 % 16S rRNA gene sequence similarity, repectively). Optimal growth occurred in the presence of 1 % (w/v) NaCl, at pH 7.0 and at 28 8C. Strain DY6-4 T contained ubiquinone-10 (Q-10) as the major ubiquinone, phosphatidylglycerol, phosphatidylcholine, phosphatidylethanolamine and one unidentified aminolipid as the predominant polar lipids, C 18 : 1 v7c and summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c) as the main fatty acids (.10 % of the total). The DNA G+C content of strain DY6-4 T was 66.6 mol%.
Since the first description of Roseobacter spp. by Shiba (1991) , more than 82 affiliated and genera with validly published names have been described. Members of the Roseobacter clade form a subgroup of the family Rhodobacteraceae that shares 89 % 16S rRNA gene sequence similarity (Buchan et al., 2005) . From coastal regions to deep-sea sediments and from polar ice to tropical latitudes, bacteria of this clade have been isolated in a large variety of habitats (Brinkhoff et al., 2008) . Most of the cultured members have large genomes, a high DNA G+C content and versatile metabolic capabilities (Luo & Moran, 2014) . Use of a multitude of organic compounds, sulfur oxidation, aerobic anoxygenic photosynthesis, the oxidation of a diverse range of metals, DMSP demethylation and the production of secondary metabolites are some of the important traits found in this clade (Imhoff, 2006; Sass et al., 2010; Curson et al., 2011; Lenk et al., 2012) . Here we report a novel manganese-oxidizing strain, designated T , within the Roseobacter clade. We investigated its taxonomy using a polyphasic approach.
Strain DY6-4 T , isolated from the surface sediment of the Clarion-Clippert Fracture Zone in the eastern equatorial Pacific Ocean, was picked as a single colony on marine agar 2216 (MA; Becton Dickinson) after 3 days of incubation at 28 8C. The most closely related strain (Sulfitobacter mediterraneus KCTC 32188 T ) and the type species of closely related genera (Sulfitobacter pontiacus DSM 10014
T , Aliiroseovarius pelagivivens GYSW-22 T and Loktanella salsilacus LMG 21507 T ) were chosen as reference strains, which were cultured as for strain DY6-4 strains were downloaded from the NCBI database (http://www.ncbi.nlm.nih.gov). Phylogenetic analysis was performed using the software package MEGA version 5.0 (Tamura et al., 2011) after multiple alignments of the sequence data with CLUSTAL X (Thompson et al., 1997) . Phylogenetic trees based on the neighbour-joining (NJ), maximum-likelihood (ML) and maximum-parsimony (MP) algorithms were reconstructed and the genetic distances were calculated by using Kimura's two-parameter model (Kimura, 1980) . The topologies of the phylogenetic trees were evaluated by the bootstrap resampling method of Felsenstein (1981) with 1000 replicates.
The cellular morphology of strain T was determined by transmission electron microscopy (JEOL; JEM-1200EX) after cells had been negatively stained with 1 % (w/v) phosphotungstic acid. Gram-staining and flagellum staining were performed according to Beveridge et al. (2007) . Cell pigments were extracted with acetone/methanol (7 : 2, v/v) and the absorption spectrum was recorded at 300-900 nm with a UV-visible spectrophotometer (TU-1810; Beijing Purkinje General Instrument) (Tindall et al., 2007) . The temperature range for growth was determined on MA plates by incubating cultures at 10-42 8C (10, 16, 20, 24, 28, 32, 37 and 42 8C) for 7 days, and at 0 8C and 4 8C for 4 weeks. Salinity and pH ranges supporting growth were investigated in 96-well microplates by measuring the optical densities at 590 nm. The wells without the inoculating strains, but under the same conditions, were used as controls. In the salinity experiment, distilled water was used to prepare synthetic marine ZoBell broth (5 g peptone, 1 g yeast extract and 0.1 g FePO 4 in 1 l water), and NaCl concentrations were adjusted to 0-15 % (w/v, at intervals of 1 %). Growth was assessed in MB adjusted to pH 2.0-10.0 at intervals of 1.0 pH unit by using appropriate biological buffer systems: H 3 PO 4 / KH 2 PO 4 (pH 2.0), sodium ethanoate/ethanoic acid (pH 3.0-6.0), KH 2 PO 4 /NaOH (pH 7.0-8.0) and Na 2 CO 3 / NaHCO 3 (pH 9.0-10.0). To test for anaerobic growth, strain T was cultured at 28 8C for 1 month on MA with resazurin (0.02 %, w/v) added as an indicator of anaerobic conditions. Inoculated plates were incubated in an anaerobic jar filled with N 2 and an AneroPack bag (Mitsubishi Gas Chemical). The phenotypic characteristics possessed by strain DY6-4 T and four reference strains were tested according to standard approaches (Tindall et al., 2007) , except that sterile seawater was substituted for distilled water. The tested characteristics included: activities of catalase and oxidase (method 2), hydrolysis of starch, casein, gelatin and Tweens 20, 40 and 80 (method 2). DNase agar (Qingdao 96 Hope Bio-technology) prepared with sterile seawater was used to detect the DNase activity. Susceptibility to antibiotics was tested on MA plates using antibiotic discs containing the following (mg per disc unless otherwise stated): ampicillin (10), carbenicillin (100), chloramphenicol (30), gentamicin (10), kanamycin (30), neomycin (30), penicillin G (10 IU), polymyxin B (300 IU), erythromycin (15), piperacillin (100), midecamycin (30), cephalexin (30) and tetracycline (30). Strain DY6-4
T was susceptible to all the antibiotics above except polymyxin B, piperacillin and cephalexin. Activities of constitutive enzymes, the fermentation/oxidation profiles, acid production, and substrate utilization as the sole carbon and energy source, were tested using API 20E, API 20NE, API 50CH, API ZYM strips (bioMérieux) and GN2 MicroPlate kits (Biolog) according to the manufacturers' instructions, except that sterile seawater was used to prepare the inocula. The morphological, physiological and biochemical characteristics of strain T are given in Table 1 , Fig. S1 (available in the online Supplementary Material) and the species description.
The extracellular accumulation of manganic oxide during growth of strain T and the reference strains were examined on K agar plates (Boogerd & de Vrind, 1987) supplemented with 100 mM of Mn 2+ (added as MnCl 2 ). The plates were incubated at 28 8C and the presence of brownish manganic oxide deposits in the colonies could be confirmed by the addition of leukoberbelin blue (LBB) reagent (Ghiorse & Hirsch, 1979) . After 20 days, small manganic oxide deposits could be observed in the colonies of strain T under the microscope, and they turned blue with the addition of LBB reagent. However, the other strains produced negative results.
For cellular fatty acid analysis, strain T and the four reference strains were grown on MA at 28 8C for 48 h until the bacterial communities reached the late exponential stage of growth according to the four quadrant streak method (Sasser, 1990) . Fatty acid methyl esters were prepared and analysed according to the standard protocol of MIDI (Sherlock Microbial Identification System, version 6.10), and identified by the TSBA6.0 database of the Microbial Identification System (Sasser, 1990) . For analyses of polar lipids and respiratory quinones, cells were harvested from MB after shaking at 28 8C for 48 h and freeze-dried. Polar lipids of strains DY6-4 T , Sulfitobacter mediterraneus KCTC 32188 T , Sulfitobacter pontiacus DSM 10014 T and Loktanella salsilacus LMG 21507 T were extracted according to Minnikin et al. (1984) , separated by two-dimensional TLC on silica gel 60 F254 plates (Merck), and identified by spraying with the appropriate detection reagents (Komagata & Suzuki, 1987) . The respiratory quinones of strain DY6-4 T were extracted with chloroform/methanol (2 : 1, v/v) and identified by HPLC as described by Xie & Yokota (2003) . The G+C content was determined by reversed-phase HPLC according to Mesbah et al. (1989) .
The cellular fatty acid profile of strain T and the reference strains are listed in Table 2 . The most abundant cellular fatty acid of strain DY6-4 T was C 18 : 1 v7c, which is in line with the other species within the Roseobacter clade (Biebl et al., 2005) . However, the second predominant cellular fatty acid was summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c), which was significantly higher than the four reference strains (Table 2) . Moreover, strain DY6-4 T had relative high amounts of cyclo-C 19 : 0 v8c (4.6 %), which was absent in the four reference strains ( Table 2) . The major polar lipids detected in strain DY6-4 T were phosphatidylglycerol, phosphatidylcholine, phosphatidylethanolamine and one unidentified aminolipid, which were all detected in the four reference strains [ Fig. S2 ; Park et al. (2015) ]. The predominant isoprenoid quinone detected in strain DY6-4 T was ubiquinone-10 (Q-10), which is typical of the vast majority of the class Alphaproteobacteria (Park et al., 2015) . The DNA G+C content of strain DY6-4 T was 66.6 mol%, higher than those of the four reference strains (59.0-62.1 %) (Sorokin, 1995; Pukall et al., 1999 (Fig. 1) . Strain DY6-4 T was most closely related to Sulfitobacter mediterraneus CH-B427 T (with 96.0 % 16S rRNA gene sequence similarity), followed by Aliiroseovarius sediminilitoris M-M10 T (96.0 %), Sulfitobacter pontiacus DSM 10014 T (95.9 %), Loktanella maricola DSW-18 T (95.9 %) and Litoreibacter meonggei MA1-1 T (95.8 %), which all belonged to the Roseobacter clade (Brinkhoff et al., 2008) . Although there was a high level of sequence similarity (.95 %) between the novel strain and the strains of species of the genus (Romanenko et al., 2011; Hahnke et al., 2012; Kim et al., 2014) . DResult differs from that reported by Park et al. (2015) .
Xuhuaishuia manganoxidans gen. nov., sp. nov.
Sulfitobacter, the novel strain did not form a robust clade with the genus Sulfitobacter or with any other genera in the family Rhodobacteraceae with validly published names, yet it formed a distinct clade in the NJ, ML and MP phylogenetic trees (Fig. 1) . Considering the branching patterns of the phylogenetic trees, strain DY6-4 T should be assigned to a novel genus in the Roseobacter clade of the family Rhodobacteraceae.
Several phenotypic and chemotaxonomic characteristics, apart from the phylogenetic divergence, could differentiate the novel strain, DY6-4 T , from other related genera, including the relatively high content of summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c), the presence of cyclo-C 19 : 0 v8c, the higher G+C content, the resistance to polymyxin B, the ability to hydrolyse gelatin and the enzymic activity of valine arylamidase, cystine arylamidase, acid phosphatase and a-glucosidase. Moreover, differing from reference strains, only strain DY6-4 T could oxidize manganese. Among the other strains of species within the Roseobacter clade, Roseovarius litoreus AzwK-3b has also been reported to have the ability to oxidize manganese (Hansel & Francis, 2006) . More detailed phylogenetic and chemotaxonomic characteristics are given in the species description and in Table 1 , which could obviously distinguish strain T from the other related genera in the family Rhodobacteraceae. The results of the present polyphasic study indicate that strain DY6-4
T represents a novel species of a novel genus, for which the name Xuhuaishuia manganoxidans gen. nov., sp. nov. is proposed.
Description of Xuhuaishuia gen. nov.
Xuhuaishuia (Xu.huai.shu' i.a. N.L. fem. n. Xuhuaishuia named after Professor Xu Huai-Shu, who discovered the special live viable but non-culturable form of bacteria).
Cells are Gram-stain-negative, strictly aerobic rods. Oxidase-and catalase-positive. The major respiratory quinone is Q-10. The major cellular fatty acids are C 18:1 v7c and summed feature 3 (C 16:1 v7c and/or C 16:1 v6c). The major polar lipids are phosphatidylglycerol, phosphatidylcholine, phosphatidylethanolamine and one unidentified aminolipid. Phylogenetically, the genus belongs to the family Rhodobacteraceae in the class Alphaproteobacteria.
The type species is Xuhuaishuia manganoxidans.
Description of Xuhuaishuia manganoxidans sp. nov.
Xuhuaishuia manganoxidans (man.gan.ox' i.dans. N.L. neut. n. manganum manganese; N.L. part. adj. oxidans oxidizing; N.L. part. adj. manganoxidans manganese-oxidizing).
Displays the following characteristics in addition to those given in the genus description. Cells are 0.4-0.6 mm in diameter and 1.0-2.0 mm in length. Colonies on MA are white, regular, opaque and smooth with an entire margin of 0.5-1 mm in diameter after incubation for 3 days at 28 uC. BChl a could not be detected. Growth occurs at 4-37 uC (optimum 28 uC) and at pH 7.0-8.0 (optimum pH 7.0). The NaCl range for growth is 1-6% (optimum 1%). Gelatin and Tween 20 are hydrolysed, while starch, alginate, casein, cellulose, Tweens 40, 80 and DNA are not. In the API 20E/20NE systems, all the results are negative. In the API ZYM strip, alkaline phosphatase, esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase, valine arylamidase, trypsin, a-chymotrypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase and a-glucosidase activities are present; cystine arylamidase, a-galactosidase, b-galactosidase, b-glucosidase, b-glucuronidase, a-mannosidase, a-fucosidase and N-acetyl-b-glucosaminidase activities are absent. Acid is not produced in the API 50CH system. In the Biolog GN2 MicroPlate system, positive results are observed for D-fructose, a-D-glucose, turanose, methyl pyruvate, monomethyl succinate, b-hydroxybutyric acid, c-hydroxybutyric acid, a-ketoglutaric acid, a-ketovaleric acid, DL-lactic acid, succinamic acid, L-alaninamide, uridine and glycerol; the other substrates are negative.
The type strain, DY6-4 T (5KCTC 42421 T 5MCCC 1K00502 T ), was isolated from the surface sediment of the Pacific Clarion-Clipperton Fracture Zone. The DNA G+C content of the type strain is 66.6 mol%.
